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A mixed molecular salt of lithium and sodium
breaks the Hume-Rothery rules for solid
solutions†
Monica Lestari and Matteo Lusi *
The first molecular solid solution of lithium and sodium ions is
reported. In spite of the different chemical and structural properties
of the parent compounds, the two cations form a homogeneous
mixed phase with the isoorotate ion. Such observation appears in
contrast with the Hume-Rothery principles for solid solutions.
Furthermore the mixed salts in the series are thermally stable up
to 100 8C and non-hygroscopic, which makes them relevant for
their potential use as a lithium drug substance.
Solid solutions have long been studied in chemical and phar-
maceutical research.1 Such phases allow the variation of com-
position and properties in continuum, enabling material design
and fine-tuning.2 Unfortunately, molecular solubility in the solid
state is more limited than in the liquid state.3 For example, the
Hume-Rothery rule prescribes that complete miscibility in metals
and inorganic salts requires isovalent atoms whose size (atomic
or ionic radius) differs by less than 15%, as well as crystal
isomorphism of the pure (parent) substances.4,5 In molecular
mixed crystals it has been suggested that molecular isostruc-
turality is also required,6 although exceptions are reported.7
Such strict rules explain why solid solutions are rarer than
single component crystals and co-crystals. Furthermore, the
difficulty in finding molecular components that satisfy the
above conditions is an obstacle to the development of solid
solutions into products for real world applications.
Lithium ion is the active pharmaceutical ingredient (API) of
choice in the treatment of bipolar disorder and is listed as
‘‘essential medicine’’ by the World Health Organization.
Among the many available compounds, lithium citrate and
lithium carbonate are the only FDA approved salts for thera-
peutic purposes. Others, like lithium orotate, are commercially
available as supplements. In spite of their high efficacy, these
drugs are characterised by a narrow therapeutic window, whereby
the difference between the serum concentrations required for
effectiveness and toxicity is small. As a consequence, the drug
must be administrated through medical centres that monitor
lithium levels in the blood.8
Recent publications describe drug–drug ionic cocrystals
(ICC) such as piracetam with lithium bromide and lithium
chloride9 or lithium salicylate and L-proline10,11 that could
guarantee higher lithium absorption whilst reducing toxicity.
Such products could enable a simpler administration protocol,
increasing patience compliance and reducing the costs of
therapy. In most cases, the high hygroscopicity of lithium salts
makes them unsuited for commercialization. Therefore, we
have recently evaluated the hygroscopicity of solid solutions
of lithium coordination polymers.12
The mechanism of action of lithium remains largely
unknown.8,13 Nonetheless, it is widely accepted that the meta-
bolism of the drug is closely dependant on that of sodium. A
low sodium concentration in the serum reduces the clearance
of lithium, which causes intoxication. A drug product that
contains an optimal ratio of lithium and sodium could reduce
toxicity and a solid solution would have the advantage of
allowing precise dosage of the cations in a single phase.
Partial solubility of lithium and sodium has been reported
for niobate14,15 and metazirconate16 ceramics. On the contrary,
examples of mixed crystals (molecular) of the two cations
remains unknown. This work reports the first solid solution
of lithium and sodium salts with organic counter ions.
Lithium and sodium are two alkali metals whose van der
Waals radii are 1.82 Å and 2.27 Å respectively, i.e. sodium is about
25% larger than lithium.17 The smaller radius makes lithium a
muchharder acid (35 versus 21 eV), and determines a rather different
chemical and structural behaviour. Lithium and sodium appear to
form a pair of isomorphous crystals with the monoaqua isoorotate
(IOR) complex and dihydrogen citrate anion (H2CIT) (Fig. 1). Hence
these systems represent ideal candidates to verify whether molecular
solid solutions of lithium and sodium are possible in the series of
Lix1NaxIORH2O (1x), and Lix1NaxH2CIT (2x) (where 04 x4 1).
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The monohydrate salts of lithium and sodium isoorotate
crystallise in the P21/n space group and have roughly the same
unit cell metrics (CSD18 refcodes VEYVUQ19 and ACUFIO,20
respectively). Crystal isomorphism occurs in spite of the differ-
ent chemical structure of the two compounds. A behaviour that
has been referred to as pseudo-isomorphism.21,22 The lithium
ion coordinates with five oxygen atoms forming a distorted
trigonal bipyramid while the sodium salt with six oxygen atoms
in an octahedral manner (Fig. 2). In both cases, IOR chelates
the metal atoms with one carboxylate and one keto oxygen. Two
of such complexes from a dimer with the carboxylate oxygen
bridging between two metals [{M2(IOR-kO,mO)2}]. Above and
below the plane of the dimer, two water molecules link the
dimers into a 1D polymer (ladder). Such arrangement ensures
the p stacking of the aromatic rings. In NaIORH2O the dis-
torted octahedral coordination sphere is completed by a further
interaction with the carboxylate oxygen from the IOR below in
the same polymeric chain: O–Na distance = 2.47 Å. In LiIOR
H2O such interaction is absent: O–Li distance 3.68 Å. Therefore,
the resulting underlying net topology is 2,3,5C2 and 2,2,4C1 for
sodium and lithium respectively. The different coordination
confers a different conformation to the two compounds. In
LiIORH2O the angle between water molecules is 118.51, and
the carboxylate group lays on the plane of the aromatic ring
dihedral angle 2.41. In NaIORH2O the same angles measures
96.11 and 11.01 respectively; i.e. the carboxylate group is
rotated towards the upper dimer (Fig. 2 and Tables S1, S2,
ESI†). Ultimately, in the lithium complex, the metal ions lay
almost in the plane common to the aromatic rings (about
0.08 Å). In the sodium complex, such distance increases to
about 0.45 Å. For these reasons, the default calculation of
crystal packing similarity23 as implemented in Mercury24 shows
a partial matching (RMS 0.408, 8 out of 15 molecules), but only
if molecular and bond counts differences are allowed.
The salt can be produced mechanochemically from basic metal
salts25 by grinding the carbonate salts with one equivalent of
isoorotic acid. PXRD analysis reveals that similar phases form
when the synthesis of intermediate Li and Na stoichiometry is
attempted (Fig. 3). In the series of powder patterns, peaks shift
regularly with composition. A comparison with the 1 : 1 physical
mixture of LiIORH2O and NaIORH2O suggests that the mixed
salts are a homogeneous phases, i.e. a solid solution. Rietveld
analysis of the mechanochemical product enabled the refinement
of the unit cell metric for the series. As expected, unit cell
parameters change linearly with composition, following the
Vegard’s law (ESI†). Recrystallization of the samples with mixed
composition affords single crystals for X-ray characterization,
which confirmed the homogeneous (solid solution) nature of the
mixed salts. The structures with mixed composition show the
water molecule disordered over two positions and the thermal
ellipsoids of the metals are oblate, as expected from atoms that are
disordered over two positions. Then the coordination geometry of
the mixed salts is an average of both parent compounds. Notably
the metal centres in the mixed salt lay at about 0.34 and 0.42 Å
from the plane of the aromatic rings depending on the Li/Na ratio.
Thermogravimetric analysis shows that the elimination of
the coordinated water molecule occurs at lower temperature
when the sodium content increases (Fig. 4). This is likely due to
Fig. 1 Molecular structure for isoorotic acid and citric acid.
Fig. 2 Molecular structure in LiIORH2O (top) and NaIORH2O (bottom).
Selected atomic distances and torsion angle are reported.
Fig. 3 PXRD pattern for Lix1NaxIORH2O (1x). The reference patterns are
in black. Phys. mix is the 1 : 1 physical mixture of the parent.
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both the harder acidity of lithium and the different coordination
geometry. In any case, the samples are stable at least until 100 1C.
DVS measurement shows that water uptake is higher for the
samples with mixed composition than for the pure Li and Na salts,
or the physical mixture (ESI†). Nonetheless, it remains always
below 1% resulting non-hygroscopic according to the European
Pharmacopeia classification.26 Measurements of particle size
distribution exclude that such behaviour is a consequence of
different particle size, which are rather uniform throughout the
series (Fig. 5). It is worth noting that in our previous investiga-
tion, solid solutions of lithium coordination polymers with
L-proline and 2-methoxybenzoate/benzoate showed partial solu-
bility and that the water uptake for the mixed compositions were
higher than that of the end members. On the other hand,
solid solutions formed by lithium coordination polymers with
succinate/malate showed complete solubility and that the water
uptake behaviour appeared to be more regular.12
Lithium and sodium form a pair of isomorphous crystals
with the dihydrogen citrate anion. The structures are reported
in the P21/a space group (CSD refcode LIHCIT
27 and NAHCIT27
respectively) with the metal atoms coordinated to six oxygens in
an octahedral manner. A hydrate LiH2CITH2O (CSD refcode
ZZZREG28), whose atomic coordinates are not determined, and
a second form of NaH2CIT (CSD refcode NAHCIT01),
29 which
crystallizes in the orthorhombic P212121, are also known. In
form II, the sodium atom coordinates to seven oxygen atoms.
PXRD analysis shows that co-grinding Li2CO3 or Na2CO3
with one equivalent of citric acid results in the hydrate LiH2CIT
and NaH2CIT form I respectively (Fig. 6). Co-grinding of citric
acid with both Li and Na in variable ratio affords physical
mixtures of the above phases rather than the desired
Lix1NaxH2CIT (2x) solid solution. Thermogravimetric analysis
confirmed these conclusions: the first member of the series
shows a weight loss about 7% between 100 and 150 1C as
expected for pure LiH2CIT monohydrate, whereas in NaH2CIT
the weight loss only starts at about 190 1C and coincides with
the decomposition of the anion. The samples with mixed
composition show an intermediate behaviour (see ESI†). Nota-
bly the monoclinic form I of NaH2CIT converts in the thermo-
dynamically stable form II in about two weeks (see ESI†).
In order to verify whether the formation of 2x was possible in
the absence of water, the samples were dried in a vacuum oven
at 100 1C overnight and then re-ground with dry ethanol. PXRD
analysis shows that such treatment produces anhydrous LiH2-
CIT. However, new peaks appear in all the samples that contain
a portion of sodium, which coincide to the orthorhombic
polymorph (Fig. 7).
Fig. 4 Thermograms for Lix1NaxIORH2O (1x).
Fig. 5 Water sorption (blue) and particle size distribution (purple) as
function of composition in Lix1NaxIORH2O (1x).
Fig. 6 Diffraction patterns for the product of manual grinding of citric
acid with LiH2CIT and NaH2CIT in variable ratio. The reference patterns are
in black.
Fig. 7 Diffraction patterns for the product of manual grinding of citric
acid with LiH2CIT and NaH2CIT in variable ratio in anhydrous conditions.
The reference patterns are in black.
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A quantification of the mixture composition by Rietveld
refinement indicates that the amount of LiH2CIT phase is
generally lower than expected from the reactants stoichiometry
(Table 1). The difference is always small (4 to 10%) and close to
limits of detections of this technique for organic samples with
an in-house diffractometer. Therefore, the solubility of lithium
and sodium dihydrogen citrate cannot be confirmed.
This work demonstrates that, despite the large different
size and chemical properties, lithium and sodium can homo-
geneously mix in a single phase when they are combined
with the appropriate anion. In the case of isoorotate salt,
a virtually complete solubility exists despite the different
coordination geometry in the parent compounds. On the
other hand, in the isomorphous and isostructural dihydro-
gen citrate system, the extent of solid-state solubility is, at
most, limited. These observations are in open contrast with
Hume-Rothery rules.
We speculate that, in the non-isostructural isoorotate sys-
tem, the high solubility is enabled by the presence of a water
molecule that can freely pivot between the lithium and sodium
coordination without affecting the overall crystal packing. In
contrast, the low solubility it the citrate system could be
explained by the existence of more stable solid forms (a hydrate
and a polymorph). In a previous work we demonstrated that,
solid solution could serve to control polymorphism in a series
Co/Zn coordination polymer.30 Here that effect is not observed.
Ultimately, we have presented the first example of molecular
solid solution of lithium and sodium salts. This phase shows
enough thermal and humidity stability to be employable as
lithium drug substances medical therapy. From a pharmaceu-
tical point of view, such mixed salt could help regulating the
sodium concentration in the serum and the metabolism of
lithium in the treatment of bipolar disorder.
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Table 1 Phase quantification
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Li Na LIHCIT NAHCIT NAHCIT01
Mix 0.1 89.28 10.72 86.7(4) 4.8(9) 8.4(3)
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